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Abstract
The aim of the research was to determine the relationship be-
tween the Schmidt N rebound index and the compressive strength
of spun-cast concrete elements with low water-cement (w/c) ra-
tio. In the research 22 specimens of 8 different mixtures were
tested. The investigated mixture parameters included w/c ratio,
compaction intensity and type of aggregate. The compressive
strength of the concrete in the outer, middle and inner region of
the spun-cast element and of the vibrated cube were assessed by
testing drilled cores after non-destructive testing of the speci-
mens. Statistical regression functions have been defined for the
determination of the relationship between the rebound index and
the compressive strength. A special new method has been devel-
oped for the quality control of spun-cast concrete elements using
a rebound hammer.
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Notation
c Consistency determined by flow table tests [cm]
fcm Mean value of the modified standard cylinder compressive
strength of the specimen [MPa]
E∗app Modified compacting energy [m2/sec] [enlarged]
E∗max Maximal recommended modified compacting energy
[m2/sec] [enlarged]
E∗need Required modified compacting energy [m2/sec] [en-
larged]
Pe Paste excess [dm3/m3]
1 fcm Relative cylinder strength variation from the outer to the
inner region [%]
rS Schmidt N rebound index
Contracted notation
Xcyl Data of standard 150×300mm cylinder
Xcore Data of 60mm diameter drilled core
X in Data of inner region of the end cross section
Xmid Data of middle region of the end cross section
Xout Data of outer region of the end cross section
Xsur Data of the surface of the spun-cast concrete element
Xvib Data of drilled core from vibrated compacted specimen
1 Introduction
Spun-cast concrete poles and piles are typical mass products
in several countries. This several decades old technology has
lots of advantages such as better protection of reinforcement
against corrosion, improved freeze-thaw resistance and resis-
tance against chemical attack.
Spun-casting is an economical method for producing concrete
elements with a long tradition. In the mid of the 20th century
concrete mixtures were made using high water-cement (w/c) ra-
tios [4]. Excess water left the mixture during centrifugation.
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This way the strength of spun-cast concrete was much higher
than the strength of vibrated test cylinders. Spun-cast concrete
poles and piles need to have resistance against chemical effects
[6]. Today mixtures also need to be made with a low w/c ratio
[8]. The low w/c ratio of mixtures is possible with the use of
superplasticisers.
Correlations between the strength of the spun-cast and of vi-
brated elements made of mixtures with low w/c ratio have been
published by the authors earlier [16–18]. Due to radial segre-
gation the composition of the material and its strength changes
throughout the wall of the element. It has been shown that the
composition of the material changes throughout the wall of the
specimen due to the radial segregation. The incidence of gravel
is higher in the outer region because of its higher density [18].
The result of rebound tests strongly depend on the properties of
the microenvironment. Non-destructive testing functions for vi-
brated concrete [2, 3, 7, 9, 11] are not applicable for spun-cast
concrete elements. Standards do not have any special rules for
the non-destructive quality control of these products.
Today, the quality control of spun-cast concrete elements is
based on testing cylinders or cubes compacted with vibration
[7–9]. Spinning concrete at high speed may cause segregation
and different porosities within the concrete wall, which leads to
different shrinkage and strength [11]. Previous research by the
authors [18] shows that the strength properties of the spun-cast
elements significantly depend on the spinning parameters. Qual-
ity control using vibrated specimens made of the same mixture
is not the best method. This method gives lots of information
about the mixture and about the strength of the vibratory com-
pacted concrete, but not enough about the centrifugally com-
pacted product. The geometrical dimensions of the elements
(first of all the wall thickness) are usually too small. Usually,
quality control using drilled cores is also not possible. Thus the
non-destructive quality control of these elements is very impor-
tant.
The aim of the research was to determine the relationship be-
tween the compacting ratio and the manner of segregation, and
between cylindrical compressive strength and the rebound in-
dex. The aim of the research was also to propose a method for
non destructive quality control of these prefabricated elements.
2 Importance of Non-destructive Test of Spun-Cast
Concrete
On the one hand, material properties of the spun-cast con-
crete vary in the radial direction. On the other hand, the prop-
erties of spun-cast concrete can be very different from vibrated
concrete made of the same mixture. The wall thickness of the
spun-cast concrete element is often not enough to take drilled
material samples from it in the longitudinal or radial direction.
Therefore, indirect, non-destructive testing methods are highly
important in the case of spun-cast concrete structural elements.
Schmidt rebound hammer testing is a widely used and very
important surface hardness testing method for both new rein-
forced concrete products and old structures. A large number
of functions are available in literature from the last 50 years.
Nevertheless, technical literature considering Schmidt rebound
hammer testing on special concretes is very limited. An accu-
rate summary of them can be found in [12]. For the rebound
method no general theory was developed that can describe the
relationship between measured surface hardness and compres-
sive strength. Sometimes the available empirical functions are
very different because of the multitude of significant parame-
ters of the relationship between the compressive strength and
the measured surface hardness of the concrete materials. The
functions are valid only for the special type of concretes of the
verification group and of course rebound tests have a larger vari-
ability than direct strength tests. Spun-cast concrete has special
properties, and special rebound functions are not available for it.
3 Materials
Real, normal strength spun-cast concrete mixtures with
siliceous aggregate and low water-cement ratio were modeled
in the research. Commonly used materials were applied for the
mixtures. Rapid cement was applied for the mixtures, which is
usual in the case of precast elements. Every mixture in the re-
search contained siliceous aggregate. The grain size distribution
of the aggregates was different. Three of the nine mixtures con-
tained crushed gravel. Crushed gravel is also a typical aggregate
type in spun-cast concrete elements. The mixtures contained
river sand as fine aggregate.
Superplasticiser admixtures were used to improve the natu-
ral finish of the concrete. Different types of admixtures were
used because of their different secondary effects. Admixtures
improve early age strength and decrease the segregation of the
mixture. The secondary effect of admixtures is the modification
of slump retention. Mixtures named F and G were produced in
the summer. A superplasticiser with the secondary effect of long
slump retention was used for these. Table 1 shows the mixture
parameters of the concrete series.
4 Mixture Parameters
The superplasticiser was added directly to the mixture after all
the other ingredients (cement, aggregates, water). The minimum
mixing time was 5 minutes.
The strength of the concrete mixtures and their suitability
for producing spun-cast concrete were tested. The mixtures in
this series were divided into two main groups, namely: mix-
tures containing natural gravel aggregate and mixtures contain-
ing crushed gravel aggregate.
5 Experimental Program
The experimental program consisted of the production and
testing of eight series of concrete element segments during a
period of approximately six months.
The variables investigated in this test series included spin-
ning speed, spinning duration, type of aggregate, type of cement,
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Tab. 1. Mixture properties
amount of cement, and water-cement ratio.
Segments with 200mm length, 500mm diameter and 130-
190mmwall thickness were produced on the spinning machines
of the companies for each mixture to examine compressive
strength. Ø150/300mm vibrated control cylinders were pro-
duced too.
Forms for two identical specimens were filled, and lifted to
the spinning machine. An individual spinning program for each
specimen was run. During the spinning procedure the consis-
tency of the fresh mixture was determined by flow table tests,
and standard control cylinders and cubes were produced. The
specimens were left in the form for 24 hours. Vibrated control
elements were stored under water for 7 days and in the labora-
tory for additional 21 days.
After 28 days, rebound tests were carried out on the end cross
section region, on the surface of the spun-cast element and on
the vibrated control specimen using a Schmidt N rebound ham-
mer. Rebound tests were carried out following the rules of
Proceq [12] and EN 13791 [7]. 60mm diameter cores (height
85-95mm) were drilled from the outer, middle and inner re-
gions of the specimens and from the vibratory compacted con-
trol specimens (Fig. 1). Four test cores were made from each end
cross section region of each specimen. The mean value of the
compressive strength of the cores and of the reference standard
Ø150/300mm specimens was determined. The test was accom-
plished according to EN 125041 [5]. 424 destructive compres-
sion strength tests were made.
Fig. 1. Place of destructive and nondestructive tests
6 Short Summary of the Destructive Tests
The experimental program included destructive tests of spun-
cast concrete specimens. Non-destructive experimental test re-
sults are based on the results of the destructive tests. A short
summary is given below.
The specimens were divided into five compression classes
from the too low applied compaction to the too high applied
compaction. Strength properties of specimens are various ac-
cording to the applied compression energy. Applied enlarged
compaction energy is a production of the pressure at the outer
radius of the specimen caused by the centrifugal effect and
the compaction time. Compression classes have been defined
in [18] after the applied compaction energy. The cylindri-
cal compressive strength of concrete was determined using
drilled cores from the inner, middle and outer region of spun-
cast specimen and from the vibratory compacted specimens
(Table 2). A polynomial regression function was determined
for the fcm,out/ fcm,vibratio and for the 1f cm = ( fcm,out −
fcm,in)/ fcm,out ratio, as function of the E ∗app /E∗need ratio
and paste excess [15]. See more about this topic in [18]. The
functions are shown in Fig. 2 and Fig. 3.
Fig. 2. Measured relative compressive strength of the outer region vs. rela-
tive compaction energy and regressed relative compressive strength function vs.
relative compaction energy
7 Nondestructive Test Method and Test Results
Rebound tests using a Schmidt N hammer following [12]
were carried out on the spun-cast specimens and on the vibrated
cubes made of the mixtures listed in Table 1. The inner, middle
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Tab. 2. Summary of parameters and results
and outer region of the cross section and the outer surface were
tested. No rebound test was made in the 20mm wide border
region of the surface.
Four series of rebound test from each region were carried out.
There were 20 tests in each series. The quantity of reading is
able to improve the accuracy of the mean rebound number to
5% [1]. The mean value of the readings is assigned to the com-
pressive strength of the drilled core. The pairs of compressive
strength measured using drilled cores and rebound indices of
horizontal tests and three rebound functions [3, 7, 9] often used
in Hungary are shown in Fig. 4.
8 Specialities of Schmidt Rebound Test of Spun-Cast
Concrete Elements
The viscosity of the concrete mixture is relatively high. This
internal friction affects lower compacting pressure in the sec-
ondary (longitudinal) direction than in the radial one. Therefore,
the material properties of spun-cast concrete are also directional.
This effect is not typical for spun-cast concrete. This was shown
earlier by Nehme for vibratory compacted high strength con-
crete mixtures [10].
It is well known that segregation of the mixture causes dif-
ferent composition along the radius. This will cause different
mechanical properties, Young’s modulus, strength, shrinkage,
etc. of the concrete. Strength and rebound number are differ-
ent near the worked surface of vibratory compacted specimens,
too. Centrifugal compaction results in an outer region of the
Fig. 3. Measured relative compressive strength variation in the wall of the
element vs. relative compaction energy and values of the regression function vs.
relative compaction energy (2D section)
wall rich in aggregate. The inner region is rich on cement paste,
which leads to different porosity of the material. The rebound
number of concrete depends on the microenvironment of the test
point and on the porosity of the concrete [14]. Energy losses due
to dissipation by concrete crushing under the tip of the plunger
vary.
Rebound testing is an indirect method. Also, it is clear that
the valid rebound function is different for the surface and for the
different cross section regions. Sometimes, primarily in case of
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installed elements, carrying out rebound testing is only possi-
ble on the outer surface. Therefore, test results along the cross
section which are reported here may give useful additional in-
formation.
Fig. 4. Cylindrical compressive strength of the cross section of the spun-
cast concrete elements to Schmidt rebound index according to the compaction
classes. Cylindrical compressive strength of the outer region of the cross section
to Schmidt rebound index of the surface. Rebound functions from technical
literature.
Fig. 5. Rebound test result taken on the surface and proposed rebound func-
tion for approximation of the mean compressive strength of spun-cast concrete
(equation (1)).
9 Analysis of Rebound Test Results
The functions proposed in [3, 7] and [9] (Fig. 3) are deter-
mined for lower strength concrete materials. Their functions
are extrapolated for high strength concrete. It was verified ear-
lier by Nehme [11] that the function in [3] is suitable for high
strength concrete only after correction. The figure shows that
the function given in [3] (modified after Nehme), transformed
to a 150mm diameter cylinder, and the functions given in [7]
and [9] overestimate the cylindrical strength significantly.
Application of non-destructive rebound testing on the surface
of real products is always possible, but the end cross section of
installed elements is often too small or not available. That is why
the function proposed for estimation of the concrete strength of
the extreme outer region utilizes only the rebound results of the
surface. Fig. 5 shows the rebound indices measured on the sur-
face of the spun-cast concrete elements.
Fig. 6. Quantile curve of the rebound test result of the surface. Shape of the
linear regression function of the direct test result. Shape of the second order log-
log regression function of the quantile curve. Shape of the proposed first order
log-log regression rebound function of the quantile curve.
Fig. 7. Individual tendency of the rebound results in the different com-
paction classes
Both the measured cylindrical strength of the drilled core and
therebound index are random variable. The Reimann quantile
curve is the best method for analysis of random variables [13].
Fig. 6 shows the quantile curve.
Fig. 8. Residual differences between the mean value of the calculated and
the measured compressive strength of the spun cast concrete specimens, and
proposed correction according to the compaction class.
Several types (linear, exponential, polynomial) of regression
functions were checked (Fig. 5). The regression functions were
evaluated from the point of view the residual variation and the
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shape of the function. The proposed function gives a relatively
low residual variation and has a conventional slightly curved
shape in the lower rebound index region too. The proposed for-
mula is as follows:
fcm,out = 10−1,59+1,92·log(Rsur ) 40 ≤ rs,sur ≤ 60 (1)
Formula 1 is valid for normal strength spun-cast concrete with
w/c ratio of 0,3 - 0,35 and siliceous aggregate. Fig. 4 shows that
that connection between rebound index and cylinder compres-
sive strength is very different for different compression classes.
The problem of this simplified method is that does not use the
information of the compression class.
In case size and position of the end cross section of the el-
ement is able for non destructive test, we have chance to have
this information. It was shown in chapter 6 that variation of ma-
terial properties in the wall is different if the compaction class
changes. Rebound data on the end cross section, on the surface
and on the vibrated specimens are suitable for determination of
the compaction class [18] of the element. Using this data ap-
proximation of 1f cm = ( fcm,out − fcm,in)/ fcm,out ratio is pos-
sible. See Fig. 2.
One characteristic specimen of each class was chosen. Fig. 7
shows the mean values of the rebound indices of the vibrated
specimen, the inner, middle and outer cross section regions and
of the surface.
The trend of the rebound indices shows impact of the com-
paction class of the specimen. The typical trend is that the re-
bound index measured on the surface of the spun-cast specimen
is always higher than the value measured on the vibrated speci-
men. The characteristics of the specimens from the special com-
paction classes are as follows:
- Compaction class I (very low compaction): Rebound index
of the outer region and of the surface decreases hard
(rS,mid – rS,sur ) > 3
- Compaction class II (low compaction): Rebound index of
the outer region and of the surface decreases strongly.
3>(rS,mid – rS,sur ) > 0
- Compaction class III (normal compaction): Rebound index
increases monotonically from the vibrated data to the surface.
The increment is moderate in the outer region.
- Compaction class IV (high compaction): Rebound index in-
creases monotonically and significantly from the inner region to
the surface. (rS,sur – rS,in) > 3
- Compaction class V (very high compaction): Rebound in-
dex of the outer region and of the surface increases strongly
(rS,sur – rS,out ) > 3
The rebound index of the outer region and of the surface ba-
sically depends on the compaction factor of the specimen. The
connection between the compaction class and the rebound in-
dex of the inner and middle region is more variable. The back-
ground of this effect is as follows. The composition of the inner
region depends remarkably on paste excess. The inner region
of specimens made of mixture with high paste excess and with
high compaction may have a total lack of gravel. This can cause
lower rebound index in the inner region.
If spinning parameters of the specimen are lacking, approx-
imation of the compressive strength of the inner region of the
end cross section is possible using the rebound information of
the end cross section. The proposed method is as follows:
• determination of the compaction class of the specimen using
the rebound indexes of the end cross section;
• taking the compaction factor as 0,5 multiplied by the number
of the compaction class;
• using the real paste excess after Újhelyi in case it is known,
choose Pe=75 otherwise;
• approximation of the value of 1f cm ratio is possible accord-
ing to [18].
Fig. 7 show the analysis of the residual differences between
the mean value of the calculated and the measured compres-
sive strength of the spun cast concrete specimens. Proposed for-
mula is conservative if compaction of specimen is not higher
than needed. In case of overcompaction formula (1) is non-
conservative. In case of quality control correction is also needed.
Fig. 8 show the proposed correction of the authors. Compres-
sive strength calculated after formula (1) should be reduced by
4 MPa in case compaction class is IV and by 8 MPa in case
compaction class is V.
If information about compaction class is lacking it is proposed
to use the reduction of class 5. in case of quality control.
10 Conclusions
Conclusions for the mixtures of the research are as follows.
Segregation of concrete mixture during spun-casting depends
significantly on the paste excess and on the compacting ra-
tio. Properties like strength, porosity, hardness and composition
vary throughout the wall of the spun-cast concrete elements due
to the mixture segregation.
Quality testing and strength approximation of spun-cast con-
crete elements are possible using Schmidt hammer.
Rebound index vs. cylindrical compressive strength functions
calibrated to vibratory compacted concrete materials are on the
unsafe side in the case of spun-cast concrete materials.
Rebound index vs. cylindrical compressive strength functions
were calibrated to spun-cast concrete materials using 22 speci-
mens with low water-cement ratio and siliceous aggregate.
A new method has been determined for the approximation of
the variation of compressive strength from the outer region to the
inner region of spun-cast concrete elements using the rebound
indices measured on the cross section of the element.
After analysis of the residual differences between the calcu-
lated and measured compressive strength of specimens a correc-
tion function has been defined as a function of the compression
class.
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